In the conventional studies on the seismic behavior of bridge piers, it is common to use an in-plane modeling where the real behavior of frames subjected to the three-dimensional seismic loading is ignored. Herein, we present a three-dimensional nonlinear dynamic analysis for frames, where the panel zone deformation is also considered. In this analysis, geometrical nonlinearity is precisely taken into account by using the co-rotational method, whilst the member plastification is analyzed by the plastic-zone method. With the numerical method, the three-dimensional seismic behavior is examined for bridge piers of single post-type and portal frame-type in which effect of panel-zone deformation is also discussed.
INTRODUCTION
In the conventional seismic design and analysis of steel bridge piers, it is common to adopt in-plane modeling. However, the validity of the in-plane modeling is not necessarily confirmed, because the three-dimensional seismic behavior of steel bridge piers has not been studied enough. Furthermore, the analysis model for the portal-frame type bridge piers mostly ignores the panel zone deformation and adopts the centerline-to-centerline geometry. This implies that neither the deformation nor the size of beam-to-column connections is considered in the analysis. However, the results of experiments have shown that beam-to-column joint deformation (panel zone) can significantly affect the overall behavior of frames1),2). 3) Some papers focused on the effect of panel zone deformation on the behavior of entire frames. Kato et al 4), presented a finite element model that took into account the shear deformation of panel zone and compared the results with those obtained for the frames with rigid beam-to-column connections or centerline-to-centerline geometry. They showed that in the elastic range, the solution based on the centerline-to-centerline modeling gave a good approximation to the exact solution considering the panel zone shear deformation. In the plastic range, however, the difference becomes remarkable. Lui and Chen 6) showed a finite element model for panel zones that consists of one web element and two flange elements in order to consider both shear and bending deformations. Based on their research, Liew and Chen 7) showed two criteria for the design of beam-column panel zones. Leger et alt1 used a joint element to consider the rigid kinematic motion, elastic shear, and bending deformations of beamcolumn panel zone regions. A parametric analysis was carried out on the seismic response of in-plane frames. Without introducing an additional degree of freedom, Tsai and Popov9 presented an approximate method which considered the drift of elastic frames due to panel zone deformation. In their method, however, the axial force and P-delta effect were not included. They also confirmed that the centerline modeling of frames well approximates the behavior of frames with the shear panel zone deformation in the elastic range. More recently, Mild et al 10), 11) employed a shear model to represent the panel zone deformation and examined its effect on the seismic behavior of portal frame-type bridge piers. All the above studies, however, were restricted to the inplane behavior.
The purpose of this paper is to present a threedimensional nonlinear dynamic analysis method for frames, where both geometric and material nonlinearities are considered. Furthermore, the shear deformation of panel zones is taken into account.
With the proposed numerical method, the threedimensional seismic behavior is examined for the bridge piers of single-post type and the portal-frame type. In this investigation, the effect of panel zone deformation is also discussed. -METRIC  AND MATERIAL  NON-LINEAR  ANALYSIS  OF  SPACE  FRAMES   (1) General We have shown a rigorous numerical method for the geometrically nonlinear analysis of elastic space framesl2> where the finite rotations in threedimensional space was precisely taken into account by the co-rotational technique. Here we extend it to the elasto-plastic dynamic analysis. To consider the material nonlinearity, a mixed strain-hardening bilinear model is employed based on the von Mises yield criterion. In addition to the Saint-Venant's torsional deformation, the transverse shear deformation is taken into account in view of the fact that the stocky beams and columns are often used for bridge piers. To represent the transverse shear deformation, we adopt the Timoshenko beam model. In the finite element approximation for a beam element, displacement functions are chosen such that both normal and shear strains become constant along the length of an element in order to avoid the numerical integration over the element length and enhance the computational efficiency.
NUMERICAL METHOD FOR GEO
The basic assumptions adopted in the present analysis are (1) strains are small although rotations and displacements are large; (2) plane normal to the beam axis before deformation remains plane but not normal to the beam axis after deformation; (3) cross section is thin-walled doubly symmetric for elastoplastic analysis.
(2) Geometric nonlinearity
In the present method, the geometric nonlinearity is considered by the co-rotational method. The details of the co-rotational method have been shown by Goto et al 12) . Therefore, we here briefly explain the method.
Two coordinate systems shown in Fig. 1 are used to derive the element stiffness equation. One is the fixed rectangular Cartesian coordinate system (x, y, z) with base vectors (gx, g y, g) defined in terms of the initial configuration of a beam element. The other is the orthogonal co-rotational coordinate system (x, y, z) with base vectors (i x, i y , i z) and the origin located at one end of the element. This coordinate system moves with the rigid body rotation of the beam element. The directions of are defined to coincide with the averaged directions of the two sets of the deformed base vectors (gx, g y, gz t) at nodes 1 and 2. The rotations of the deformed element are expressed by the unit vectors, i y t, i z) obtained by normalizing (gx ; gy;, g=).
The relations of the base vectors between the two coordinate systems are ex ressed by using the where [Ri] and [RG] are expressed by Euler angles (4, 6,, ij) and averaged Euler angles (6, i) of two nodes, respectively. Eq. (lb) implies that the directions of the co-rotational coordinates (x, y, z) are coincident with those of averaged Euler angles of (ixl, i y, iZ) and (ix2, iy2 iz2).
Then, with some manipulations, the relation of incremental displacements between the member coordinates (x, y, z) and the co-rotational coordinates (x, y, z) is obtained as jAd=RjjAd} (2) where [R] is a 6 x 12 transformation matrix.
Based on the virtual work principle12, the following relation holds {f}' {M}= 1fJ I"I (4) where [A/c] is the stiffness matrix of a Timoshenko beam element defined in terms of the co-rotational coordinate system. This stiffness matrix is obtained based on the small displacement beam theory and will be explained later. [A/c] is the tangent stiffness matrix defined in terms of the member coordinate system (x, y, z). It should be noted here that the symmetry of [Ok] is recovered only at equilibrium in state as pointed out by Simo and Vu-Quoc 13). The transformation of stiffness equations from the member coordinates to the global coordinates fixed in space is the same as that of the usual finite element method.
(3) Material nonlinearity
Elasto-plastic stress-strain relation used in the present paper is based on von Mises yield criterion, associated flow rule and a mixed strain-hardening (kinematic and isotropic) rule as shown in Fig. 2 . For a thin-walled member, the yield function can be expressed as The change of the stress state from elasticity to plasticity or from plasticity to elasticity will lead to the change of stress-strain relation. Furthermore, loading will cause stresses to fall outside of the yield surface. Therefore, a return mapping method has to be employed to draw the stresses back to the yield surface. The various methods for return mapping have been presentedla) 15) Herein, a Backward Euler Return method summarized by Crisfield 16 ) is employed and extended to the mixed strain-hardening model.
(4) Finite element approximation
In the present study, a Timoshenko beam model based on the small displacement theory is used 17) in the co-rotational coordinate system (x, y, z). This is because the displacement components defined in the co-rotational coordinates can be considered small from the assumption (1) stated in Section 2 (1).
According to the assumption (2), the rotations of the transverse plane around the co-rotational Assuming the absence of distributed loads, the stiffness equation for a beam element in the corotational coordinates (x, y, i) can be derived, based on the principle of virtual work as fseE ecJiv -sip)j e = o (14) where {Of e} are the incremental nodal loads. By substituting Egs. (6a), (13) into Eq. (14) and noting that the transverse displacement components at node 1 are zero and the rotational displacement components at nodes 1 and 2 have the same quantities but opposite sign, an elasto-plastic tangent stiffness equation expressed in terms of the co-rotational coordinates is obtained. Since both normal and shear strains are constants over the element length because of the adopted displacement functions, the numerical integration can be avoided in Eq. (14) . The cross sectional area of the beam element is divided into elementary areas in order to take into account the plastification, following the customary procedures of the plastic zone method. The internal nodal forces are evaluated by the method shown in Reference 19) and 20). An incremental stiffness equation so obtained is expressed as
IA1=1ak IIM (15) Finally, substitution of Eq. (15) into Eq. (4) yields the elasto-plastic tangent stiffness matrix [Ok] expressed in terms of the member coordinate system fixed in space.
(5) Equations of motion
In the present analysis, the mass of the body is assumed to be preserved so that the mass matrix can be evaluated prior to the time integration by using the initial configuration at time 0 as a reference state (Bathe et al 21) ). Similarly, a mass proportional damping matrix is introduced. Thus, by incorporating Eq. (4), the incremental equations of motion for the member coordinates are expressed as [M1I&/F+[clI&+IM lHAd=IAcj (16) where [M] is the lumped mass matrix; [C] = a[M] is the damping matrix. In the present paper, a = 0 is assumed in the following calculation.
To solve the overall incremental equations of motion, we employ the Newmark's (3 method ((3 =0. 25) combined with the Newton-Raphson iterative procedures. This iterative procedure is 4(204S) continued until the equilibrium or the convergence criterion v=bp is satisfied, where d is the unbalanced force vector between internal nodal force vector and external nodal force vector P, R is a prescribed value of error tolerance and is set to 10-3 throughout this paper.
ANALYSIS OF BEAM-TO-COLUMN PANEL ZONE (1) Modeling of panel zone
Portal frame-type bridge piers generally have quite large member dimensions so that the deformations of beam-to-column connection may not be neglected. As pointed out by some researchers, the deformations, mainly due to the shear deformation of panel zone, may have a significant effect on frame lateral stiffness and strength. To consider this effect, various models have been shown and compared with experimental results. Here, a three-dimensional modeling of panel zone is developed and incorporated in the nonlinear frame analysis explained in Section 2. In the present model, only in-plane shear deformation of panel zone is considered 11), while the out-plane deformation is ignored; that is, panel zone rotates as a rigid body around x-axis.
The rotations of the cross sections of a beam and a column that are connected to a panel zone are no longer equal to each other due to shear deformation of the panel zone as illustrated in Fig. 3 . In terms of the co-rotational coordinate system, the geometric relations between these rotations can be expressed as follows: {oe} ={oe"x, oe, oe}, {o0} = {oe o0y, oeZ T and {oeh}={oehx, Deny, AOJ T are used to express the incremental rotational components of the center of the panel zone, the connected column end and beam end, respectively, defined in terms of the corotational coordinates. Similarly, {00}= {o0 o0y, o0}, {00(={00 e, y,A0,} T and {ooh}= {A06 x A0, A6h,} T are the incremental rotational components defined in terms of the member coordinates. The translational components are also expressed as {OL[d}= {Duo, wo, Owo}, {Dud}={Luc, wc, wc} and {Dudb} ={Oub, A, Wb} in terms of the co-rotational coordinates; {Dud} = {Du(O, OW,}, {Dud}={Du Ova, Owe} and {Dudh}={Duh, Ovh, Owh} in terms of the member coordinates.
For the left panel zone, the displacements due to shear deformation are shown in Fig. 4 . Here, the origin of the co-rotational coordinates is taken at the center of panel zone 
NUMERICAL EXAMPLES
(1) Seismic analysis of single post-type piers Analytical models used in the present analysis are shown in Fig. 5 , where W=mg is the weight of the pier including the dead load from the superstructure. The dimensions of these models are summarized in Table 1 . Two models, Pier A and Pier B, with different column slenderness ratios are selected. Pier A has a height of H=7740 mm and constant cross section, while Pier B has a total height of H=15645 mm and stepped cross sections. Considering Bauschinger effect of steel under cyclic loading, the kinematic strain-hardening model with a constant hardening modulus is employed. Thirty elements with a lumped mass are used to discretize both Pier A and Pier B. The number of elements is determined by considering the convergence of solutions. The cross section is divided into 40 elementary areas in order to consider the plastification.
In the present calculation, the seismic behavior of the realistic three-dimensional modeling of bridge piers is compared with that obtained by the conventional in-plane modeling. The in-plane seismic behavior of the bridge piers is calculated under X-directional (weak axis) acceleration component combined with or without Z-direction (U-D) component, whereas the three-dimensional behavior is calculated under both X and Ydirectional acceleration components combined with or without Z-direction component. This implies that the seismic loading conditions for each pier consist of four types. In order to consider the dead load of the superstructures, the dead load W=mg is first applied and then the dynamic seismic response analysis is carried out with the dead load kept constant.
Two sets of ground accelerations recorded in the Kobe earthquake are considered as seismic loads. One is the acceleration recorded at the Japan Meteorological Agency (JMA). The other is the acceleration recorded at Japanese Railway Takatori Station (JRT). In order to ensure the maximum peak 7(207s) values of ground acceleration along X-direction to be greatest for both JMA and JRT, N-S, E-W and U-D components of JMA are defined as the X, Y and Z components, while E-W and N-S components of JRT are defined as the X and Y components, respectively. The period of the earthquake waves considered for the present calculation is 30 seconds which include the maximum peak values. The time interval adopted in the numerical integration is O. Olsec. for Pier B and Frames A, B; 0. 002sec. for Pier A (See Appendix).
As a result of the numerical analysis, sway response displacement histories of pier A subjected to JMA and JRT are shown in Figs. 6 and 7 for the X-directional component. The X-directional maximum sway response displacement and residual displacement of both pier A and B calculated with the respective combinations of the acceleration components are shown in Table 2 . In Table 2 , the values of the displacements are normalized by the height H of the piers. Here, the residual deformation, which reflects plastic deformation of piers, is defined as a distance from the center of oscillation to the original equilibrium position when the response of the pier reaches a steady state, as show in Fig. 6 . First, we discuss the effect of U-D acceleration component based on Table 3 , where the ratios of the maximum and residual displacements obtained with U-D wave to those without U-D wave are summarized from Table 2 . The effect on the maximum response displacement is small regardless of the types of bridge piers and the difference of the input accelerograms. The difference of the maximum displacements caused by the vertical acceleration component is less than 14% when N-S and/or E-W acceleration components are considered. In contrast, the residual displacement is much influenced by the vertical acceleration. Especially, the increase of residual displacement caused by the vertical acceleration amounts to 47% for Pier A subjected to X-component wave of JRT. The tendency of the effect induced by the vertical acceleration is, however, not definite. The vertical acceleration component can either increase or decrease the maximum sway response displacement and the residual displacement. This is probably because at some speciall point of time, such as, the point at which the sway displacement reaches its maximum value, the vertical acceleration does not necessarily produce a compressive inertia force that leads to the increase of the sway displacement by P -0 effect. The up-ward inertia force results in a tensile force that leads to the decrease of the sway displacement. Next, we examine the coupling effect of N-S and E-W acceleration components on the seismic behavior of the piers based on Table 4 , where the ratios of the maximum and residual displacements obtained with both X-and Y-wave to those without Y-wave are summarized from Table 2 . The consideration on Y acceleration component in addition to X-component can either increase or decrease the maximum response displacement and the residual displacement. The maximum increase caused by Y-component is 22% for the maximum response displacement and 87% for the residual displacement. This implies that the customary inplane modeling of bridge piers may sometimes underestimate the effect of the seismic waves on their ultimate behavior. From these results, it can be said that the coupling effect of the horizontal acceleration components is more significant than that of the vertical acceleration component.
(2) Seismic analysis of portal frame Portal frame-type bridge pier models presented by Mild et al 11) are used in our analysis. The details of these models are shown in Fig. 8 . The dimensions and material properties are summarized in Table 5 . Frame B has the same material properties and dimensions as Frame A except for the beam section (Sec. 4). As a constitutive law, the kinematic hardening model with a constant hardening modulus is used for beams, columns and panel zones. After yielding, E = 0. 05E is assumed for panel zones Remarks: O (x)= U-D wave is (not) considered; (subscripts) 2D=in-plane; 3D=three-dimensional Table 3 Effect of U-D component on maximum and residual displacements Remarks: umax -umax, wit U-D /umax, wil/, w U-D ores -ures, wilh U-D /ures, witlwut U-D Table 4 Effect of coupling of horizontal waves on maximum and residual displacements 9(209S) (Kato et al 5) , while E t= 0. 01E is adopted for columns and beams. Lumped masses are considered for the respective nodes of beam, column and panel zone elements. The seismic waves used in the present analysis are those of JMA and JRT as described in Section. 4 (1) . In case of the in-plane loading, only X-component of the seismic waves is applied, whereas all the three components are applied in the three-dimensional loading. Sixty elements are used to discretize both Frame A and B; that is, twenty-five elements for each column and ten elements for the beam. The cross section are divided into 40 elementary areas in order to consider the plastification. First, the difference between the present shear panel zone modeling (P-Z model) and conventional centerline-to-centerline modeling (C-C model) with rigid beam-to-column connections is investigated. Figure. 9 shows the response displacement histories of Frame A subjected to JMA and JRT waves. Here, u is the averaged sway displacement at the tops of two columns. As a result of the numerical analysis under in-plane loading (JMA), the averaged horizontal restoring force Rfvs. sway displacement u/H relations for Frames A and B are shown in Fig. 10 . In order to obtain smooth hysteretic curves, only the concentrated mass mp at the tops of the columns is considered in calculating R f vs. u/H relations.
From Fig. 9 , it can be seen that almost the same results are obtained up to the maximum response displacement, regardless of whether the panel zone deformation is considered or not. After the maximum response displacement is experienced, the difference between the two models becomes somewhat noticeable. The restoring force vs. sway displacement curves also show that the C-C modeling gives the same stiffness of the frames as P-Z modeling in the elastic range. This is because the C-C modeling results in greater member lengths than actual ones, which reduces the frame's stiffness and compensates the error 5). However, in the plastic range, the stiffness and strength of the P-Z models are apparently smaller than those of the C-C models as can be seen from Fig. 10 . Finally, the seismic behavior of frames is discussed in terms of the difference caused by the loading patterns; that is, in-plane loading and threedimensional loading. In addition to the maximum sway displacements and residual displacements summarized in Table 6 , we show the sway response displacement histories and cumulative plastic strain histories in Figs. 11, 12 and 13. In Fig. 12 , the cumulative plastic strains are shown for three sections of columns as defined in Fig. 8 . In this case, the cumulative plastic strain Cep (or Yep) is the averaged plastic strain for the respective sections and is defined as Cep (or Yep)= (J pdA)/A, where p is the equivalent plastic strain; A is the crosssectional area. The panel zone cumulative plastic strain shown in Fig. 13 is averaged over the two panel zones for each frame.
It can be seen from Table 6 and Fig. 11 that although the coupling of earthquake waves produced uncertain tendency for the maximum response displacements of frames, the residual deformations induced by the coupling are larger than those by in-plane loading. Since the magnitude of the residual displacement is influenced by the plastification of frames, we examine some details of the plastification patterns based on Figs. 12 and 13. From these figures, it is observed that the plastification pattern is much influenced by the loading patterns. That is, the in-plane loading results in more plastification in the panel zone whilst the three-dimensional loading causes more plastification in columns. These results are consistent with the experimental results obtained by Mild and Kotoguchi10 The increased plastification in columns leads to a larger residual sway displacement. This phenomenon shows that there exits different failure mechanism according to whether piers are subjected to in-plane loading or three-dimensional loading.
SUMMARY AND CONCLUDING REMARKS
In this paper, a three-dimensional numerical analysis method of space frames was presented. In this method, both geometric and material nonlinearity were included. Furthermore, a joint element was introduced to consider the shear deformation along with the rigid body motion of beam-to-column panel zones. With this method the seismic behaviors of single post-type and portal frame-type steel bridge piers subjected to either inplane or three-dimensional ground motions were investigated. The results obtained from the present research are summarized in the following.
(1) The residual deformation of the single post-type piers is somewhat affected by the vertical acceleration component, whilst the maximum displacement is less affected. (2) The coupling of the two horizontal acceleration components affects both the maximum response displacement and the residual displacement. Therefore, it can be concluded that the in-plane modeling of single post-type piers may result in an inaccurate prediction for both the maximum response displacement and the residual displacement. (3) For portal frame-type piers, the conventional centerline-to-centerline modeling may overestimate the stiffness and strength of frames when the structures reach elasto-plastic region. (4) The plastification pattern of portal frame-type Table 6 Maximum and residual sway displacement Uj H, Uresl H (%)
Remarks: 2D, 3D are the same as those defined in Table 2 ; data with * = u /u; u: obtained by the C-C modeling. 
APPENDIX
In order to determine a suitable time interval At for the numerical integration, the convergence of numerical solutions is examined for Piers A, B and Frame A with using different time intervals. For simplicity, the convergence of solutions is not examined for Frame B, since this frame has the same dimensions as frame A except for its beam. In 
